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The joining of Ti-47Al-2Cr-2Nb using Ti-15Cu-15Ni (wt%) as braze alloy was investigated.
Experiments were conducted at 980 and 1000◦C for 10 min. The microstructure and the
chemical composition of the interfaces were studied by scanning electron microscopy
(SEM) and by energy dispersive X-ray spectroscopy (EDS), respectively. For both
processing conditions the reaction between the γ -TiAl alloy and the braze alloy produced
layered interfaces, which are essentially composed of α2-Ti3Al and of Ti-Ni-Cu-Al and
Ti-Ni-Cu intermetallic compounds. Microhardness tests showed that all reaction layers are
harder than either the γ or the (α2 + γ ) lamellar grains of the intermetallic alloy.
C© 2003 Kluwer Academic Publishers
1. Introduction
Intermetallic alloys are an emerging class of materials
that may have a wide variety of applications, especially
when weight reduction and enhanced temperature capa-
bility are critical inputs for structural designs. Among
these alloys, two phase γ -based TiAl alloys are advanc-
ing towards implementation on structural components
of aircraft, space and automobile engines [1–4]. The
density normalized strength and Young’s modulus vari-
ations with temperature of γ -TiAl alloys open a new
regime for metallic materials for service temperatures
of 550–750◦C [1]. As several intermetallics, γ -TiAl al-
loys suffer from low ductility and fracture toughness at
room temperature, which along with their poor forma-
bility still cause a severe hindrance to their full-scale
implementation [5].
Since nearly all structural applications of γ -TiAl al-
loys will require joining, either to themselves or to other
materials, the development of adequate joining tech-
niques is fundamental to integrate them into functional
structures. Furthermore, joining simple γ -TiAl parts
to form components with a more complex shape will
allow to overcome some of the fabrication problems
that arise from the brittle nature of these alloys. Elec-
tron beam welding, brazing, diffusion brazing and dif-
fusion bonding are the most reported joining techniques
[5–18]. Diffusion brazing and diffusion bonding seem
to be the most straightforward techniques to produce
joints with mechanical properties comparable to those
of γ -TiAl alloys at high temperature or at least the per-
formance of the joined components is not jeopardised
by failure originated at the joint area. The mechanical
behaviour of joints is highly dependent on the features
of the interface, namely on the chemical and mechani-
cal characteristics of the reaction products and their dis-
tribution across the interface. Assessing the influence
of the processing variables upon the chemical and mi-
crostructural features of the interfaces is fundamental
to understand the mechanisms that govern their forma-
tion and therefore essential either to develop any reli-
able joining process or to be able to exert some control
upon the mechanical behaviour of the joints.
The present study focuses on the influence of the pro-
cessing temperature upon the chemical and microstruc-
tural features of diffusion brazed γ -TiAl joints. Mi-
crohardness tests were used to predict the mechanical
characteristics of the interfaces. This work is part of a
broader project that aims to develop cost-effective and
reliable joining routes for γ -TiAl based alloys.
2. Materials and experimental procedures
The γ -TiAl alloy (Ti-47Al-2Cr-2Nb, at.%) used in this
investigation was produced from gas atomised elemen-
tal powders by Crucible Research and has a duplex
microstructure, which consists of a mixture of γ -TiAl
grains and lamellar (α2-Ti3Al + γ -TiAl) grains. Sam-
ples of the intermetallic alloy with 10×7×3 mm were
cut with a diamond saw and then ground with SiC emery
paper down to 1200 grade. A Ticuni foil (Ti-15Cu-
15Ni, wt%) with a thickness of 90 µm was used as filler
metal. Ticuni is a clad-laminated alloy that consists of
a sandwich of a 16 µm Cu-Ni foil between two 37 µm
Ti foils. The solidus and the liquidus temperatures of
Ticuni are 910 and 960◦C, respectively. Prior to joining
both alloys were degreased in acetone with ultrasonic
agitation and air-dried. A small pressure (50 Pa) was
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applied to the γ -TiAl alloy/Ticuni/γ -TiAl alloy assem-
blage during the brazing thermal cycle. Brazing was
performed at 980 and 1000◦C for 10 min in a vertical
furnace, which was evacuated to a vacuum level bet-
ter than 10−4 mbar. The heating and cooling rates were
fixed at 3◦C · min−1. In order to perform the microstruc-
tural and chemical characterisation of the interfaces,
cross-sections of the joints were prepared using stan-
dard metallographic techniques. The interfaces were
examined by SEM and chemically analysed by EDS at
an accelerating voltage of 15 keV. Microhardness tests
were performed on the γ -TiAl alloy and throughout the
interfaces with a FISHERSCOPE H100 equipped with
a Vickers indenter. The nominal load (100 mN) was ap-
plied electromagnetically and the load resolution was
better than 1 µN.
3. Results
For both processing conditions the reaction between
the Ticuni foil and the γ -TiAl alloy produced layered
interfaces that could be divided into three characteristic
reaction layers. These layers are labelled in Figs 1 and 2,
Figure 1 BEI of the obtained by brazing at 980◦C.
Figure 2 BEI of the interface obtained by brazing at 1000◦C.
TABLE I Average chemical composition (at.%) throughout the
interfacea
980◦C 1000◦C
Layer/zone Ti Al Cu Ni Ti Al Cu Ni
A 60.9 28.8 3.7 5.0 61.2 30.6 3.1 3.7
A/black zones 68.8 29.1 1.2 0.6 73.3 25.1 0.9 0.3
A/white zones 38.5 33.5 11.3 15.0 38.8 33.4 11.6 14.5
B 74.2 24.8 0.8 0.0 73.6 24.5 1.1 0.4
C 66.1 18.2 7.2 7.6 66.6 19.6 6.6 6.3
C /black zones 74.1 24.5 0.6 0.6 73.9 24.3 1.0 0.5
C/white zones 56.8 14.8 13.3 14.1 58.7 13.1 10.8 15.5
aCr + Nb = balance.
TABLE I I Average thickness (µm) of the reaction layers and of the
interface for both processing conditions. Layers A and B are on both
sides of layer C , see Figs 1 and 2
Layer 980◦C 1000◦C
A 16 21
B 8 8
C 63 64
Interface 111 122
which are back-scattered electron images (BEI) of the
interfaces, as A, B and C . The results of the EDS analy-
sis performed throughout the interface and the average
thickness of each layer are listed in Tables I and II,
respectively. All compositions are expressed in atomic
percentage.
First, it should be noted that for both processing con-
ditions used in this investigation the chemical composi-
tion of the γ -TiAl alloy remains unaltered after joining.
All black zones throughout the interface are essen-
tially composed of Ti and Al (Ti + Al > 97.8%) with
Ti:Al atomic ratios within the range of 2.4 and 3.1.
All white zones are Ni- and Cu-rich (26.1% < Ni +
Cu < 27.4%), with Ni contents being 1 to 5% higher
than Cu contents. The Ti:Al atomic ratio of the white
zones is close to 1 in layer A and approximately 4 in
layer C .
Layer A consists of a mixture of coarse black zones
and thinner white ones. Some zones of this layer present
a structure that consists of alternated black and white
columns, which seem to have grown almost perpen-
dicularly to the surface of the intermetallic alloy. These
zones are more frequently observed for joining at 980◦C
than for joining at 1000◦C. Layer A grows from about
16 to 21 µm when the processing temperature is raised
from 980 to 1000◦C. The increase of the extension of
the interface, from 111 to 122 µm, when the process-
ing temperature is raised, is mainly due to the growth
of layer A.
Layer B is composed of a quasi-continuous and
rather irregular black zone, which is about 8 µm thick
for both processing conditions.
Layer C , as layer A, consists of a mixture of black
zones and white ones that display different shapes
and sizes. The microstructure of layer C is greatly af-
fected by the processing temperature contrarily to its
thickness that remains close to 65 µm. For instance,
when joining is performed at 1000◦C most of the black
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Figure 3 BEI of a peculiar zone of the interface obtained by brazing at
980◦C.
Figure 4 BEI of a peculiar zone of the interface obtained by brazing at
1000◦C.
particles have grown thicker; some of them seem to
have formed agglomerates that exhibit a feather-like
shape.
It is also worth to mention that, some regions of layer
C (Figs 3 and 4) present a different microstructure from
the representative ones shown in Figs 1 and 2. For in-
stance, when joining is performed at 980◦C, layer C is
wider than usual and presents, in broader terms, a finer
microstructure. In addition, for both processing tem-
peratures, at the centre of these peculiar regions, which
are randomly dispersed at the centre of the joint, coarse
white particles are observed. However, the composi-
tion of these particles is markedly different if joining is
performed at 980◦C (68.5Ti-1.7Al-5.7Cu-24Ni) or at
1000◦C (28.7Ti-24Al-20.5Cu-26.6Ni).
The strength of the different zones of the interface
was evaluated by microhardness tests. Figs 5 and 6
are secondary electron images (SEI) of the interface,
for joining at 980◦C, showing series of indentations
performed throughout the joint. For both processing
Figure 5 SEI of the interface obtained by brazing at 980◦C, showing
Vickers indentations and the corresponding hardness values.
Figure 6 SEI of a peculiar zone of the interface obtained by brazing at
980◦C, showing Vickers indentations and the corresponding hardness
values.
conditions all the reaction layers are harder than either
the γ grains (324 ± 59 HV) or the (α2 + γ ) lamellar
grains (404 ± 74 HV) of the intermetallic alloy. The
hardness of layer A is 649 ± 87 HV and 557 ± 86 HV
for joining at 980 and 1000◦C, respectively. The hard-
ness of layer B (590 ± 54 HV) remains the same for
both processing conditions. The hardness of layer C is
596 ± 18 HV and 551 ± 68 HV for joining at 980 and
1000◦C, respectively. However, the peculiar zones of
layer C for joining at 980◦C are significantly harder:
the hardness of the mixture of thin black particles and
white particles is 800 ± 58 HV and the coarse white
particles that are located at the centre of the interface is
approximately 1120 HV (see Fig. 6). It should be
noted that only one indentation was performed on these
particles and therefore the hardness mentioned above
has to be taken as a qualitative information; it indi-
cates that the Ti- and Ni-rich particles are extremely
hard.
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Figure 7 BEI of the end side of an overlap joint, showing the wetting
and the reaction between the Ticuni foil and the γ -TiAl alloy.
4. Discussion
For both processing temperatures used in this investi-
gation none of the foils (Ti and Cu-Ni) that constitute
the Ticuni braze alloy should have reached the liquid
state. However, due to the interdiffusion of Ti, Cu and
Ni atoms within the Ticuni foil, a liquid phase, which
wetted and reacted with the γ -TiAl alloy, was formed.
In fact, the reaction zone located at the lateral surface
of the intermetallic alloy, shown in the upper right cor-
ner of Fig. 7, could only result from the flowing of the
braze alloy. The reaction between the melt and the γ -
TiAl alloy led to the formation of several compounds
that promote the bridging between the parts to be joined.
The nature of these interfacial reaction products will be
discussed hereafter.
EDS does not allow the identification of the phases
that constitute the interface. However, equilibrium
Figure 8 Ti-Ni-Al and Ti-Cu-Al isotherms [19] in which the compositions of some of the reaction layers and particles detected at the interfaces are
plotted. For all plots, Ni and Cu contents are added together.
phase diagrams could be used in conjunction with SEM
and EDS as predictive tools of the nature of the phases
that constitute the interface. Since the interfaces are es-
sentially composed of Ti, Al, Ni and Cu the equilibrium
quaternary phase diagram would provide valuable in-
formation. Unfortunately, this phase diagram has not
yet been established but one could assume, as Lee et al.
[5, 10] did, that Ni and Cu atoms behave in a similar way
since both have similar atomic sizes and electronegativ-
ities, the same crystalline structure and unlimited solid
solubility. In addition, Cu and Ni present practically
the same distribution throughout the interface. There-
fore, the Ti-Ni-Al and the Ti-Cu-Al ternary phase dia-
grams can be used to bypass the lack of the quaternary
phase diagram, as long as one adds Cu and Ni contents
together.
The Ti-Ni-Al and Ti-Cu-Al isothermal sections at
750◦C and 500◦C (Fig. 8), respectively, were chosen for
this purpose. These specific sections were selected for
two reasons: (1) they are, for both systems, the lowest
temperature isotherms available within the range of the
compositions detected at the interfaces and (2) there
are no invariant reactions below the temperature of the
isotherm, which means that all phases indicated in both
isotherms are stable at room temperature and that only
minor changes in their composition should be expected
upon cooling.
All black zones are essentially composed of Ti and
Al with Ti:Al atomic ratios within the range of 2.4
and 3.1. According to the Ti-Al phase diagram [20],
the α2-Ti3Al compound is stable at 500◦C for Ti:Al
atomic ratios comprised between 1.8 and 4 approxi-
mately. Therefore, layer B and all black zones in layers
A and C must correspond to the α2 phase.
The global composition of layer A lays on or near
the two phase field Ti(Ni,Cu)Al + Ti3Al, closer to
Ti3Al. The white zones in this layer are plotted near
the single phase field Ti(Ni,Cu)Al. Therefore, layer A
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should be composed of α2-Ti3Al (black zones) and of
Ti(Ni,Cu)Al (white zones).
The global composition of layer C practically lays
on the two phase field Ti2(Ni,Cu) + Ti3Al. Since the
black zones are the α2 phase then the white zones
should correspond to Ti2(Ni,Cu). However, the plots
of the white zones on the isothermal sections lay on the
three phase field, Ti2(Ni,Cu) + Ti(Ni,Cu)2Al + Ti3Al.
This discrepancy may result from the volume interac-
tion on the EDS analysis of the zones that are bellow
and around the analysed area, namely the interaction
due to the black zones. So the white zones should be in
fact richer in Cu and Ni and poorer in Ti than it is indi-
cated by the EDS analysis. Therefore, in comparison to
the plots on Fig. 8, their composition should be shifted
towards the Ti2(Ni,Cu) + Ti(Ni,Cu)2Al field. A magni-
fication of the white zones in layer C reveals that some
of them are slightly brighter when they are observed
on the back-scattering electron mode. This indicates
that they may have a different chemical composition
and that they may correspond to a different phase. Un-
fortunately, due to their small size, it was impossible
to assess their chemical composition by EDS. Never-
theless, we presume that the white zones in layer C are
in fact composed of a mixture of two phases: essen-
tially Ti2(Ni,Cu) and small amounts of Ti(Ni,Cu)2Al.
The formation of these two compounds is confirmed
by the coarse white particles detected in some peculiar
zones of the interface (Figs 3 and 4) at the centre of
layer C . The plots on the isothermal sections indicate
that these particles should correspond to Ti2(Ni,Cu) for
joining at 980◦C and to Ti(Ni,Cu)2Al for joining at
1000◦C.
In other studies [5, 10–12] the α2-Ti3Al compound
has been identified as one of the reaction products when
Ticuni is used to join γ -TiAl alloys. Lee et al. [5, 11]
besides α2-Ti3Al, identified TiCu2 and Ti(Cu,Ni) as the
major phases near the fracture surface of infrared brazed
γ -TiAl joints that failed mainly along the centre of the
interface.
In our investigation no evidence of these two last
compounds was found, but our interfaces are richer in
Al in comparison to those reported by Lee et al. [5, 11].
We think that the different composition of the reaction
products must be the result of distinct processing ther-
mal cycles. In fact, infrared brazing employs extremely
fast heating and cooling rates and a shorter holding
stage at the brazing temperature: heating to 1150◦C,
holding for 1 min and then cooling to 600◦C only takes
2 min [11]. Therefore, when a short processing thermal
cycle is employed, only a small amount of Al is able to
reach the centre of the interface and the formation of
Al-free compounds is more likely.
This hypothesis is supported by the results of an ex-
periment made at 900◦C [21] with no holding stage. In
this experiment, even though joining was unsuccess-
ful, the microstructure and the phases that composed
the Ticuni braze alloy were radically changed after
the thermal cycle. The Al contents detected through-
out the Ticuni foil was always lower than 0.35% and
one of the phases that we have detected was composed
of 35.6Ti-30.6Cu-33.4Ni. According to the plot on the
isothermal section at 870◦C of the Ti-Cu-Ni phase
diagram [19], it may correspond to the TiCuNi com-
pound. This indicates that either Ti(Cu,Ni) [5, 11] or
TiCuNi [21] may be one of the phases that is formed at
the interface when there is no Al available.
The difference between the hardness of layer A
for joining at 980 and at 1000◦C, 649 ± 87 HV and
557 ± 86 HV, respectively, may result partially from
the zones that present a structure consisting of alter-
nated black and white columns, which are more fre-
quent when brazing is conducted at 980◦C. The hard-
ness of these zones is 746±38 HV and why they are sub-
stantially harder than the remaining zones of layer A is
not clear; the columnar morphology in conjunction with
a different proportion between the phases which they
are composed of, when compared to the other zones of
layer A, may contribute to this difference of hardness.
The peculiar zones of layer C for joining at 980◦C are
harder (800 ± 58 HV) than layer C (596 ± 18 HV).
The finer morphology of these zones (see Figs 5 and 6
for comparison) and a higher amount of white particles
that are essentially composed of Ti2(Ni,Cu), which is
extremely hard (1120 HV), may both be responsible for
increase in hardness.
5. Concluding remarks
(1) Joining a Ti-47Al-2Cr-2Nb alloy at 980 and 1000◦C
for 10 min with a Ticuni braze alloy produces multi-
layered interfaces that should be essentially composed
of α2-Ti3Al, Ti-Cu-Ni-Al and Ti-Ni-Cu intermetallic
compounds.
(2) For both processing conditions the interface
could be divided into three distinct reaction layers that
are essentially composed of α2-Ti3Al + Ti(Ni,Cu)Al
(layer A)/α2-Ti3Al (layer B)/α2-Ti3Al + Ti2(Ni,Cu) +
Ti(Ni,Cu)2Al (layer C), starting from the γ -TiAl sur-
face towards the centre of the interface.
(3) The hardness of any of the reaction layers, rang-
ing from 551 ± 68 HV to 649 ± 87 HV, is higher than
either the γ grains or the (α2 + γ ) lamellar grains of
the intermetallic alloy. Some peculiar zones and the
Ti2(Ni,Cu) particles, both located at the centre of the
interface when joining is performed at 980◦C, are even
harder, reaching 800 HV and 1120 HV, respectively.
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